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Abstract Sedimentary records from the southwestern
Kara Sea were investigated to better understand the
extent of the last glaciation on the Eurasian Arctic
shelf, sea-level change, and history of the Ob’ and
Yenisey river discharge. Sediment-core and seismic-re-
flection data indicate that the Quaternary depositional
sequence in the southwestern Kara Sea consists of gla-
cial, glaciomarine, and marine sedimentary units. Gla-
ciogenic sediments in the deep Novaya Zemlya
Trough are presumably related to the Last Glacial
Maximum (LGM), whereas further east they may rep-
resent an earlier glaciation. Thus, it is inferred that
the southeastern margin of the LGM Barents-Kara ice
sheet was contained in the southwestern Kara Sea east
of the Novaya Zemlya Trough. Changes in mineralog-
ical, foraminiferal, and stable-isotopic composition of
sediment cores indicate that riverine discharge
strongly influenced sedimentary and biotic environ-
ments in the study area during the Late Weichselian
and early Holocene until ca. 9 ka, consistent with low-
ered sea levels. Subsequent proxy records reflect
minor changes in the Holocene hydrographic regime,
generally characterized by reduced riverine inputs.
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Introduction

The Kara Sea shelf (Fig. 1) has experienced profound
environmental changes, including interactions between
Quaternary ice sheets, Siberian river runoff, and sea-
level oscillations. The Kara Sea receives almost half of
the total Arctic Ocean runoff from two of the world’s
largest river systems, the Ob’ and Yenisey rivers.
Presently, low-salinity riverine water spreads over
approximately half of the Kara Sea. With lower sea
levels, this estuarine circulation may have extended
towards the northern margin of the shelf, interacting
with eastward-flowing Atlantic-derived water. Quater-
nary records from western Siberia indicate that dra-
matic changes in large-scale hydrological processes
accompanied the recurrent formation of ice sheets in
northern Eurasia (e.g., Arkhipov et al. 1986; Astakhov
1992); however, neither the timing and extent of glaci-
ations in the Kara Sea region nor its paleo-hydrology
during the Quaternary are well understood. One sce-
nario implies that the shallow Kara Sea shelf was a
major ice-sheet center during glacial periods, including
the Last Glacial Maximum (LGM; e.g., Grosswald
1994). According to another scenario, the LGM ice
was moving into the Kara Sea from the Barents Sea
and/or Novaya Zemlya for an unknown extent
(Forman et al. 1995, 1999; Svendsen et al. 1999). Clari-
fying the configuration of ice-sheet margins in the
Kara Sea is needed to provide improved boundary
conditions for estimates of Eurasian ice-sheet volumes
and to better understand the history of the Ob’ and
Yenisey river drainage, including the proposed for-
mation of gigantic proglacial lake systems (Arkhipov
et al. 1995).

Seismic reflection records, sediment cores/bore-
holes, and coastal excavations indicate that Quater-
nary deposits in the Kara Sea reach up to 200 m in
thickness, although their stratigraphic continuity and
age are insufficiently understood (e.g., Valpeter et al.
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1985; Gataullin 1992; Forman et al. 1999). Many sed-
imentary sequences have been disrupted by glacial
activity and/or subaerial and shallow-marine processes.
Favorable conditions for accumulation of Quaternary
sediments occur in the relatively deep southwestern
part of the Kara Sea bound by the islands of Novaya
Zemlya and Vaygach on the west and by the Yamal
Peninsula on the east (Fig. 1). Water depths in this
region largely exceed 100 m and reach >500 m in the
narrow Novaya Zemlya Trough. The southwestern
Kara Sea has a wind-forced counterclockwise current
pattern and is shaded by Yamal Peninsula from the
direct impact of the Ob’ and Yenisey river runoff
(Pavlov and Pfirman 1995); however, during periods
of higher discharge and/or lower sea levels, rivers
likely affected the southwestern Kara Sea more pro-
foundly. The shallow eastern part of this area has a
homogenous water column; therefore, changes in riv-
erine inputs are expected to have a direct effect on
near-bottom water. The deep Novaya Zemlya Trough
is likely to have a more complex response to river-in-
duced changes, because it contains dense, fully saline
bottom water produced by brines during the sea-ice
formation.

We present seismic and sediment-core data from
the southwestern Kara Sea, which aid understanding
the LGM ice distribution and the postglacial devel-
opment of sedimentary and hydrographic conditions in
this area. Seismic reflection profiles and sediment
cores, including 14C age-controlled records, have been
studied to establish the stratigraphy of the Quaternary
sedimentary sequence. Special attention was given to
analysis of heavy minerals as indicators of sediment
sources and to foraminiferal assemblages and stable-
isotopic composition of foraminiferal calcite, which
reflect sea-bottom environments. The integration of
these proxy data provides insights into the interplay
between shelf-based glaciation, river discharge, sea
level, and the thermohaline circulation in the Kara
Sea.

Materials and methods

This study is based on materials that have been col-
lected during several expeditions by the Institute of
Oceanology of the Russian Academy of Sciences (10-
RAN), Research Institute for Marine Geology and
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Table 1 Accelerator mass

spectrometer C ages Lab no. Core no. Depth in core Material Uncorrected age
(m) (years B.P.)
AA 34311 L0987 0.20-0.25 M* — detritus 2195+45
AA 14597 L0987 0.35-0.4 F — mixed 2819+46
AA 27910 L0987 0.65-0.7 M - Yoldiella 2835+60
AA 16836 L0987 1.1-1.15 F — mixed 6165+85
AA 16837 L0987 1.55-1.6 F - E. bartletti 8255+70
AA 27909 L0987 1.8-1.85 F — mixed 9685+70
AA 13021 L0987 2.1-2.15 F - E. bartletti 10200+85
AA 20483 GF-134 0.4 F — mixed 1825+105
AA 16838 GF-134 1.1 F - Cornuspira 3655+60
AA 20484 GF-134 2.47 F — mixed 9470130
AA 27907 B-204 1.5-1.6 M - Yoldiella, Thyasira 1110+40
AA 27906 B-204 7.3-74 M - Yoldiella 1615+45
AA 27908 B-204 12.9-13.0 M - detritus 10145+70
PL9802346A DM-4380 2.0-2.05 F — mixed 12170+100

Accelerator mass spectrometer laboratories: AA Arizona AMS Facility; PL Purdue University
Laboratory; *M mollusks; F benthic foraminifers

Geophysics (NII Morgeo), Research Institute for
Ocean Geology (Okeangeoloigia), Polar Marine Geo-
logical Expedition (PMGE), Arctic Marine Geotechni-
cal Expedition (AMIGE), and Byrd Polar Research
Center (BPRC) during 1984-1993 (Fig. 1; Valpeter et
al. 1985; Gataullin et al. 1992; Lisitzin and Vinogradov
1995). Seismic reflection data were collected by NII-
Morgeo/AMIGE for geotechnical studies and include
sparker profiles run at frequencies of 200-1300 Hz
and a source energy of 1.3 kJ (Valpeter et al. 1985).
High-resolution acoustic penetration records were
obtained by Okeangeologia/PMGE with a 5.5-kHz
echo-sounder. Sediments were mostly recovered by
gravity  corers: L0987 (NII Morgeo 1984);
DM-4379-4385 (R/V Dmitri Mendeleev 1993); and
GF-134 (R/V Geolog Fersman 1993). We have also
used samples from a borehole, B-204, drilled for geo-
technical studies (Gataullin et al. 1992). Most sed-
iment cores were described and logged for magnetic
susceptibility on board ship and sampled for further
investigation; GF-134 was preserved in a PVC liner
prior to sampling. Cores were sampled at 5- to 20-cm
increments and investigated for bulk density, water
contents, grain size, and mineral and fossil composi-
tion. Initial results were previously reported for L0987
(Spesivtsev et al. 1986), B-204 (Gataullin et al. 1992),
and DM cores (Levitan et al. 1995; Dunaev et al
1996; Mukhina and Yushina 1999). We have reevalu-
ated these data and performed additional investigation
of heavy minerals, foraminifers, stable isotopes, and
14C ages of selected cores to better understand Late
Quaternary development of the southwestern Kara
Sea. Age constraints were established using AMS *C
dating of mollusk or foraminiferal calcite (Table 1).
Heavy minerals were counted in a fine-sand fraction
(50-100 pm in DM-93 cores and 63-106 um in GF-134
and L0987) under a polarization microscope after sep-
aration at a density of 2.8 g/cm®. Foraminifers were
counted in a >100- or >106-um size fraction. Only cal-
careous foraminifers were used for interpretation due

to poor preservation of agglutinated tests. Most
densely sampled cores GF-134 and L0987 were chosen
for analysis of calcite stable isotopes in benthic fora-
minifer Elphidium excavatum f. clavata, which is a
very common species in Quaternary sediments of the
Arctic seas thriving in both full-marine and river-prox-
imal environments (e.g., Hald et al. 1994). Although
E. excavatum 530 is likely to be in disequilibrium
with ambient water (McCorkle et al. 1990), its relative
down-core changes allow us to characterize variations
in water 6'%0 composition. Determinations of §'%0
and §'3C were performed on a Finnigan 252 MAT
mass spectrometer at the Woods Hole Oceanographic
Institution using standard procedures.

Results

Seismic stratigraphy

Interpretation and continuous tracing of seismic
reflection records is often complicated in the Kara Sea
by widespread gas- and/or ice-charged sediments (Val-
peter et al. 1985). Accordingly, the seismic stratigra-
phy here is less clear and more fragmentary than in
the Barents Sea (e.g., Solheim and Kristoffersen 1984).
Below, we identify major seismic units for the study
area, each characterized by its stratigraphic position,
geometry, seismic signature, and appearance of top
and bottom surfaces; however, additional study is
required to provide a continuous regional correlation
for these units.

Strata at the bottom of the sedimentary sequence
penetrated by sparker records have strong, parallel,
variably dipping reflectors, often sub-horizontally trun-
cated at the top (Fig. 2). Borehole data from the Bar-
ents and Kara seas and geological data from adjacent
mainland indicate that these strata are pre-Quaterna-
ry, and are mostly composed of soft Cretaceous or
Paleogene sediments (Valpeter et al. 1985; Okulitch et



Fig. 2A-C Fragments of seis-
mic reflection records exem-
plifying the structure of the
Quaternary depositional sw
sequence (Fig. 1 for locations).
I-111I glacial, glaciomarine, and
marine sedimentary units,
respectively; URU Upper
Regional Unconformity.

A Sparker record east of the
Vaygach Island. B Sparker
record across the eastern flank
of Novaya Zemlya Trough.

C 5.5 kHz echo-sounder
records from Novaya Zemlya
Trough (near cores GF-134
and DM-4381)
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West
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al. 1989). The truncation of these strata is correlated
to the Upper Regional Unconformity (URU) which
separates Quaternary from older deposits and can be
traced over the Barents Sea shelf to its western mar-
gin (Solheim and Kristoffersen 1984; Szttem et al.
1992; Gataullin et al. 1993). In the sedimentary
sequence above the URU, we identify three major
seismic units, I-III, and correlate them to the seismo-
stratigraphy established for the southeastern Barents
Sea (Krapivner et al. 1988; Gataullin et al. 1993;
Gataullin et al., in press). A <50-m-thick unit occurs
on top of the URU and has a chaotic seismic signa-
ture, variable thickness, and hummocky top surface.
High-frequency acoustic records from the Novaya
Zemlya Trough show that this surface is complicated
by a system of low (2-5 m) ridges or hummocks which
are reflected in the sea-floor topography (Fig. 2C).
We identify this deposit as seismic unit III, shown in
the Barents Sea to be a glacial diamicton (Gataullin et
al. 1993; Gataullin et al., in press; Polyak et al. 1995).
The bottom of unit III is sometimes complicated by
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narrow incisions that are cut down to 25 m into bed-
rock (Fig. 2A). Similar incisions in the southern Bar-
ents Sea are interpreted as subglacial channels formed
by erosional activity of ice or subglacial water (Ga-
taullin and Polyak 1997). Unit III is conformably
draped by a stratified sediment that generally
increases in thickness southeastwards, reaching up to
50 m (Fig. 2A). This deposit is interpreted as a combi-
nation of postglacial seismic units I and II differenti-
ated mostly on high-frequency acoustic records, which
aid in distinguishing the stratified unit II from a more
homogenous unit I (Fig. 2C).

Sediment stratigraphy and chronology

The sedimentary sequence penetrated by sediment
cores can be subdivided into three major lithological
units (Figs. 3, 4). This stratigraphy is based on sed-
imentary structures, physical properties of sediment
[color, magnetic susceptibility (MS), water contents,
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Fig. 3 Lithology of investigated sediment cores (Fig. 1 for loca-
tions). Water depth is shown under core numbers. '*C ages (res-
ervoir corrected) are shown to the right of the cores. Note
change of depth scale for B-204

bulk density], grain-size contents, and mineralogical
and microfossil composition.

Sedimentary unit III was recovered in core
DM-4381 from the Novaya Zemlya Trough and in sev-
eral boreholes west of Yamal Peninsula, exemplified
by B-204. This unit is a stiff, non-stratified, dark-gray
diamicton with variable content of sand and coarser,
typically subangular clasts (Fig. 5A). The erosional
lower contact of unit IIT is demonstrated in B-204,
where unit III lies on top of sand with unknown age
(possibly bedrock) and contains detached lenses and
bands of this sand. The diamicton is characterized by
high bulk density (>2 g/cm?®) and low water contents
(<30%). It completely lacks traces of biological activ-
ity but contains small numbers of microfossils, such as
foraminifers that are often poorly preserved, and pre-
Quaternary diatoms (Mukhina and Yushina 1999).
Heavy-mineral associations of unit III are dominated
by pyrite and detrital carbonates (mainly siderite).

Sedimentary unit II conformably overlies the stiff
diamicton and is distinguished by a variable degree of
lamination, gray to dark-gray or brownish coloration,
relatively high water contents (mostly 30-50%), vari-
able sand contents, elevated concentrations of clinopy-
roxenes, and almost complete absence of foraminifers

and other marine fossils (Figs. 3, 4, 5). Sediment lami-
nation is caused by a cyclic alternation of clayey and
silty laminae from a few millimeters to 1-2 cm thick-
ness. Light-colored silty laminae have abrupt lower
contacts and grade upwards into a darker clayey sed-
iment with fine organic detritus. Lamination is distinct
near the bottom of unit II in the Novaya Zemlya
Trough (DM-4381) and throughout the whole unit in
the eastern part of the study area. In core DM-4381,
this unit contains two sandy layers similar in sediment
properties and composition to the diamicton of unit
IIT (Fig. 5A). The topmost stratigraphic level of unit
II commonly has very low MS values, as exemplified
in relatively high-resolution records DM-4381 and
L0987. Additionally, in L0987 this level is distin-
guished by a fine lamination, very fine grain size, and
an increased concentration of herbs in palynological
spectra (Figs. 4, 5).

Sedimentary unit I is a soft (water content >50%),
olive-gray, bioturbated mud with numerous black iron-
sulfide aggregates, polychaete tubes, and variable
numbers of marine microfossils (e.g., calcareous and
arenaceous foraminifers, ostracodes, small mollusks).
Grain size as well as thickness of this sediment varies
depending on the bathymetric position of core sites,
with thinner and coarser sediments typical for the
shallows. Sandy intervals also occur in cores from the
Novaya Zemlya Trough. Mineralogical composition
differs from the underlying sediments by having
elevated concentrations of hornblende and/or garnets



Fig. 4 Major lithological,
mineralogical, and paleonto-

logical characteristics of sed-
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and the presence of fresh authigenic pyrite and mag-
netite (Fig. 5A). The MS values have a characteristic
peak near the unit’s bottom, as exemplified in
DM-4381 and L0987. This unit mostly conformably
overlies unit II, although in some cores from water
depths <150 m, the boundary appears to be erosional.

A comparison of cores with acoustic penetration
records, which can be exemplified by DM-4381 and a
nearby acoustic record (Figs. 2C, 5A), indicates that

[

the three lithological units correspond to seismic units
I-1II. A similar correlation has been maintained for
boreholes and sparker records (Valpeter et al.1985;
Gataullin et al. 1992). We hereafter refer to the com-
bined lithological and seismic units as sedimentary
units I-1I1.

Age control was provided by AMS “C dates on
mollusk shells or foraminifers picked from their abun-
dance peaks in cores L0987, GF-134, DM-4380, and
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Fig. 5 Detailed character-
ization of reference cores from
the A western and B eastern
parts of the study area. Light
and dark gray shadings high-
light units II and III, respec-
tively. Intercalations of dia- o
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Discussion

show Holocene ages (<10 ka). The only older date
was obtained from unit-II sediment of DM-4380. We
have used a standard oceanic reservoir correction of
400 years (Stuiver and Braziunas 1993). Age
sequences in the dated cores show no inversions.
There are two dates of 1.2 and 2.4 ka (B-204 and
L0987, respectively) that appear to be too young in
comparison with otherwise consistent age-depth pat-
terns. These offsets could result from either increased
sedimentation rates in the late Holocene, or from
down-core transportation of analyzed shells. More
detailed dating is required to elucidate the chronos-
tratigraphic uncertainties.

Depositional and paleo-ecological environments
Late Pleistocene

Lithological and seismic characteristics of sedimentary
unit III are similar to those of glacial diamictons
described from the Barents Sea and the Saint Anna
Trough (e.g., Elverhgi and Solheim 1983; Sattem et
al. 1992; Gataullin et al. 1993; Polyak et al. 1997a).
The erosional lower boundary of unit III (Fig. 2), cor-
relative to the URU of the Barents Sea, shows that
the diamicton was associated with grounded ice over-
riding the shelf of the southwestern Kara Sea. Topo-
graphic features at the top surface of the diamicton in
the Novaya Zemlya Trough (Fig. 2C) are similar in



size and shape to glacial-sole markings (flutes or trans-
verse ridges) found on glaciated shelves including the
Saint Anna Trough (Polyak et al. 1997a). The occur-
rence of these bedforms at a large water depth of
almost 400 m is in line with their preferential preser-
vation below the depth of iceberg keels that intensely
scour seabed adjacent to a disintegrating ice sheet.
Diamictons from B-204 and other boreholes con-
tain fragments (bands and blocks) of underlying strata,
apparently detached from their bed (Valpeter et al.
1985; Gataullin et al. 1992). This type of sedimentary
structure is common for the lower part of glacial dia-
mictons in the Barents Sea and is attributed to a sub-
glacial entrainment of the frozen or pressurized sub-
stratum (Sattem et al. 1992; Gataullin et al. 1993). We
conclude that this process is also responsible for
pyrite- and siderite-rich (>60%) heavy mineral com-
position of diamictons in the study area, as well as
elsewhere in the Barents Sea and the Saint Anna
Trough (Figs. 4, SA; Yashin et al. 1985; Polyak and
Solheim 1994; Polyak et al. 1997a). The in situ for-
mation of these minerals in high amounts in glacial
diamictons is not realistic. For a comparison, the con-
tents of their apparently authigenic forms in Holocene
sediments do not exceed 5-10%. It is the pyrite- and
siderite-rich Mesozoic sedimentary bedrock that is the
main source for overlying deposits. Concentrations of
pyrite and siderite strikingly co-vary with the numbers
of pre-Quaternary diatoms (Fig. 5A), which further
corroborates that these minerals have been redeposit-
ed. Considering that they are easily destroyed by
transportation in water, high abundance of pyrite,
and/or siderite in Quaternary sediments of the Barents
and western Kara Sea can be used as an indicator of
sub- or at least near-glacial environments.
Sedimentary unit II is heterogeneous and may
include laminated and more homogenous facies, as
well as diamictic intercalations. Lamination indicates a
cyclic sediment delivery combined with absent or very
low bioturbation. Cyclicity was possible due to sea-
sonal or quasi-seasonal sediment inputs from coastal
and/or sea-bottom erosion, riverine discharge, and gla-
cier melting. All three causes could be significant for
the study area during deglaciation and sea-level rise.
Weak bioturbation was possibly associated with degla-
cial and/or low-sea-level settings due to decreased
water salinities and strong turbidity, likely in combina-
tion with prolonged periods of sea-ice cover. We
believe that laminated sediments occurring directly on
top of glacial diamictons, such as in the Novaya Zem-
lya Trough (Figs. 2C, 5A), reflect near-glacial environ-
ments (cf. Lubinski et al. 1996; Polyak et al. 1997a),
whereas thick laminated strata in the eastern part of
the study area were potentially formed by coastal ero-
sion and/or riverine inputs. Unit II from Novaya Zem-
lya Trough, exemplified by DM-4381, additionally
contains two layers similar to glacial diamictons in
having low water contents, elevated contents of sand
and coarser clasts, and high concentrations of pyrite
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and/or siderite and pre-Quaternary diatoms (Fig. 5A).
Similar diamictic intercalations in the same strati-
graphic position were found in the St. Anna Trough
and interpreted as iceberg-rafted deposits (Polyak et
al. 1997a). Intense iceberg rafting commonly accompa-
nies marine deglacial environments, and the preserva-
tion of discrete iceberg-laden sedimentary layers is
most likely to occur at large water depths where the
sea floor is not turbated by icebergs.

Mineralogical associations of unit II are character-
ized by relatively high concentrations of clinopyrox-
enes, generally increasing eastwards to >30% in L0987
(Fig. 5B). Presently, clinopyroxenes in the Kara Sea
originate mainly from the Siberian basaltic formations
drained by the Yenisey river. An additional source for
the northwestern part of the sea is provided by basal-
tic outcrops on Franz Josef Land (Kulikov 1971; Levi-
tan et al. 1996; Behrends 1999). The eastward increase
in pyroxene contents in the southwestern Kara Sea
apparently reflects sediment delivery by Siberian riv-
ers; thus, high pyroxene concentrations indicate that
unit-II sedimentary environments were strongly
affected by riverine inputs. This interpretation is cor-
roborated by the composition of pore water in unit-II
sediments that have concentrations of chlorine ion as
low as <1 g/l in DM-4385 (Levitan et al. 1995). Down-
core fluctuations in pyroxene contents may reflect var-
iations in relative contributions of riverine sources vs
glacial melting and/or coastal erosion.

A peak of clinopyroxenes commonly marks the
uppermost part of unit II; in relatively high-resolution
cores, such as DM-4381 and L0987, this peak co-oc-
curs with low MS. In L0987 this stratigraphic level
also coincides with fine lamination, very fine grain
size, and a maximum of herbaceous pollen in palyno-
logical spectra (Fig. 5B). Sediments in a similar strati-
graphic position from deeper areas in the Barents Sea
and St. Anna Trough have pronounced interval of low
MS. They are also characterized by a distinct oxida-
tion indicative of very low sedimentation rates, con-
firmed by '*C ages in some cores (Polyak et al. 1995,
1997a). We suggest that this stratigraphic level in the
Kara Sea corresponds to a time of high riverine inputs
combined with severe sea-ice cover, in turn associated
with harsh climatic conditions. The herbaceous spike
might attest to the Younger Dryas age that was
reflected in cold and dry conditions along the Kara
Sea coasts (Serebryanny et al. 1998; Hahne and Melles
1999). More palynological data from marine records
are needed to test this assumption.

Holocene

The most distinctive feature of unit I is the abundant
traces of biological activity: intense bioturbation;
skeletal remnants of marine organisms; and iron-sul-
fide aggregates that replace decomposed organic tis-
sues. These characteristics indicate that deposition of
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unit I occurred in marine environments with relatively
high biological productivity, generally similar to
present conditions in seasonally ice-free Arctic seas
and contrasting to glaciomarine and/or brackish-water
and low-nutrient environments during the Late Weich-
selian. The bottom of unit I is marked by a peak in
magnetic susceptibility that is typically well defined in
cores with high resolution, such as DM-4381 and
L0987, and can be traced over large distances into the
St. Anna Trough and the Barents Sea (Polyak et al.
1997a). The wide geographic distribution and the con-
sistency of the stratigraphic position of this peak at
the bottom of iron-sulfide enriched sediment suggest
that it is not controlled by magnetic properties of
source rocks, but instead results from the in situ for-
mation of magnetic minerals, such as pyrrhotite and
greigite, at the initial stage of marine, biologically pro-
ductive environments, which still had reduced salini-
ties. A similar magnetization peak occurred in the
Baltic Sea at the transition from varved sediment of
the early Yoldia Sea to iron-sulfide-enriched sediment
deposited in brackish water at ca. 10 ka (Sohlenius
1996).

Changes in foraminiferal assemblages and stable
isotopes from foraminiferal calcite in the lower part of
unit I reflect the transition from brackish- to normal-
marine environments that occurred between approx-
imately 10 and 9 ka (Fig. 6). Benthic assemblages at
the bottom of unit I are almost entirely composed of
Elphidiidae, such as Elphidium excavatum f. clavata,
E. incertum, E. bartletti, and Haynesina orbiculare,
which is typical for river-proximal Arctic environ-
ments (e.g., Hald et al. 1994; Khusid and Korsun
1996). This foraminiferal composition co-occurs with
anomalously light calcite §'80 values which are also
indicative of riverine proximity on the Arctic shelves
presently (Erlenkeuser et al. 1999). By 9 ka, 680
increased to values typical for the rest of the Holo-
cene and Elphidiidae gave way to Cassidulina reni-
forme as a most abundant foraminiferal species. These
changes indicate that at the beginning of the Holo-
cene, the Ob’ and Yenisey rivers were sufficiently

extended onto the Kara Sea shelf to affect its south-
western areas. By approximately 9 ka, the influence of
rivers waned, reflecting their withdrawal toward
present estuaries with postglacial sea-level rise (Fair-
banks 1989).

Although subsequent variations in unit I are less
pronounced, they include changes in foraminiferal
assemblages, grain-size contents, and calcite stable-iso-
topic composition, especially sBc (Figs. 4, 5, 6). The
0'®0 values show minor variability of 0.2-0.3 %o,
sometimes up to 0.5 %o, which still exceeds the meas-
urement inaccuracies and thus reflects changes in
oceanographic conditions. §'3C values show even
more pronounced fluctuations of 0.5-0.8 %o, mostly in
phase with §'80 variations, which is especially appar-
ent in the Novaya Zemlya Trough (GF-134).
Presently, both 680 and 6'3C contents in biogenic cal-
cite in the Kara Sea are largely controlled by river
runoff (Erlenkeuser et al. 1999), and we suggest that
their co-variable excursions in the Holocene reflect
variations in riverine inputs. Transfer of the stable-iso-
tope signal downward from the surface of the water
column via sea-ice brines can affect benthic stable-iso-
tope values in the Novaya Zemlya Trough, possibly
explaining larger-amplitude §'®0 variations in GF-134
than in L0987 (Fig. 6). The offset in stable-isotope
values between the two cores after approximately 7 ka
reaches 0.5%o in §'%0 and almost 1% in 6'°C. Judging
from the southern Kara Sea data, these values may
correspond to a salinity difference of several parts per
million at the high-salinity end (Erlenkeuser et al.
1999). We suggest that this offset reflects the build-up
of full-saline deep water in the Novaya Zemlya
Trough and/or the weakening of riverine influence on
the western part of the study area.

Benthic calcite 6'*C can be modified by reminerali-
zation of organic matter, thus reflecting biological pro-
ductivity (e.g., McCorkle et al. 1990). This connection
is corroborated for the study area by a co-variation in
013C record through most of L0987 with the content
of benthic foraminifer Nonion labradoricum (Fig. 5B),
which has an infaunal habitat and strongly depends on

Fig. 6 Stable-isotope (E.e.cla- — L0987
vatum) and foraminiferal char- 3 18 . e Gk] 34
acterlz)atlon of age-controlled 61 c 60 %E e.clavatum %C.reniforme  %C.lobatulus
sediment records plotted vs. 1.5 -20 4.0 40 5 10
1

-2.5
1

3.0 20 0 liiD 80 0
M| ]

14C age. 6'%0 values are sea-
level adjusted (Fairbanks
1989)

f i T A TR N [ S s T

— L0987
—a GF-1 34 mmmee DM-4380

80 0
oy

0 10 20
% M.barleeanus

——— GF-134

+B-204




food fluxes to the sediment. Since biological produc-
tivity in the Kara Sea is largely associated with river-
ine nutrient inputs (e.g., Vedernikov et al. 1994), there
are even more reasons to conclude that light §'°C
excursions reflect episodes of increased runoff. In con-
trast, heavy *C values occur in the early Holocene,
before 9 ka, otherwise characterized by indications of
elevated riverine discharge. This discrepancy might
reflect very low-productivity environments prior to the
establishment of fully interglacial conditions.

The stable-isotopic departure of GF-134 from
L0987 at ca. 7 ka and a further 6'®0 enrichment until
ca. 3 ka in GF-134 co-occur with changes in foraminif-
eral assemblages, grain size, and mineralogy which
indicates changes in water circulation patterns (Figs. 4,
5, 6). Foraminiferal species Cibicides lobatulus and
Melonis barleeanus which are presently abundant in
the study area only along the coast of Novaya Zemlya
and at the adjacent flank of the trough, respectively
(Polyak et al 1997b), increase in abundance in cores
L0987 and GF-134 after 7 ka and reach their maxi-
mum in the Novaya Zemlya Trough at around 3 ka
(Figs. 4, 5, 6). This maximum coincides with a sandy
layer with up to 50% sand and an admixture of
coarser clasts. Heavy-mineral associations in the mid-
Holocene interval of the Novaya Zemlya Trough
cores are characterized by elevated contents of horn-
blende and garnets (Fig. 5A), suggesting that the
Novaya Zemlya coasts and sea-floor shallows were
major source areas (Kulikov 1971). We infer that the
above changes reflect the intensification of a surface
water circulation and/or the decrease in runoff, which
limited riverine inputs to the eastern part of the south-
western Kara Sea between ca. 7 to 3 ka. Afterwards,
this trend was presumably reverted, as indicated by
lighter 6'®0 values and a decrease in contents of sand,
garnet/hornblende, and foraminifers C. lobatulus and
M. barleeanus in the Novaya Zemlya Trough. As in
the early Holocene, Elphidiidae became the most
abundant foraminiferal group throughout the study
area, reaching >50% in foraminiferal assemblages
after ca. 3 ka. This was possibly related to an increase
in riverine inputs and/or to heavier sea-ice conditions
(cf. Hald et al. 1994; Polyak and Mikhailov 1996).

Glaciation limits

A widespread occurrence of glacigenic sedimentary
unit III in the southwestern Kara Sea shows that this
region has been entirely covered by glacier ice at
some time in the Quaternary. This scenario is consis-
tent with the findings of glacial deposits and marginal
features indicating the southward movement of ice
sheets onto the western Siberian coastal plains,
although the timing of these glacial events is debata-
ble (e.g., Arkhipov et al. 1986; Astakhov 1992).
Recent investigations employing modern chronostrati-
graphic techniques show that an ice sheet invaded the
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Pechora Lowland and Yugorski and Yamal peninsulas
from the Kara Sea in post-Eemian time, likely in the
Early-Middle Weichselian, but not during the LGM
(Mangerud et al. 1999; Forman et al. 1999; Lokrantz
et al. 2000). These results fit data from the Pechora
Sea indicating that the LGM ice did not extend into
the southeastern sea area adjacent to the Pechora
Lowland (Polyak et al., 2000; Gataullin et al., in
press).

The occurrence of glaciogenic diamicton (unit III)
beneath a thin cover of glaciomarine sediments in the
Novaya Zemlya Trough (Figs. 2B,C, 5A) indicates
that the trough was overrun by a grounded LGM ice
sheet. Ridges or hummocks at the diamicton surface
are similar to morphological features found on
recently deglaciated continental shelves, such as flutes
and transverse ridges (e.g., Solheim et al. 1990; Polyak
et al. 1997a). The abrupt up-core decrease in the con-
tent of glacially reworked sediment constituents, such
as pyrite/siderite grains and ancient diatoms (Fig. 5A),
reflects the ice-margin retreat from the trough. This
retreat was presumably punctuated by two episodes of
accelerated iceberg calving marked by the diamictic
intercalations in unit II in the deep part of the trough
(DM-4381), similar to the St. Anna Trough (Polyak et
al. 1997a). We consider the “C age of 11.8 ka from
glaciomarine sediment in GF-4380 immediately east of
the Novaya Zemlya Trough as a minimum age for
deglaciation. Its completion is apparently marked by
the establishment of interglacial conditions across the
southwestern Kara Sea by ca. 10 ka (Figs. 3, 5, 6).

In contrast to the Novaya Zemlya Trough, the east-
ern part of the study area has an order-of-magnitude
thicker unit II (up to 50 m; Figs. 2A, 3), which was
possibly deposited for a much longer time. Although
this deposit is not age-constrained below the Holo-
cene, a comparison with the southeastern Pechora Sea
(Polyak et al. 2000; Gataullin et al., in press) and with
the coastal sections of the Yamal and Yugorski pen-
insulas (Forman et al. 1999; Lokrantz et al. 2000) sug-
gests accumulation since the retreat of the Middle/
Early Weichselian glaciation >40 ka; thus, the
southeastern LGM limit is located east of the Novaya
Zemlya Trough, roughly between 60° and 65°E (Fig.
7). We infer that heightened contents (10-20%) of
glacially reworked mineral grains in unit-II sediment
of cores DM-4380 to DM-4385 (Fig. 4) reflect the
proximity of a glacier margin. This inference is in line
with a 30-m accumulation of glaciogenic unit III
northeast of the Vaygach Island, possibly representing
a terminal morainic ridge (Fig. 7; V. Gataullin, pers.
commun.). In this interpretation, unit III deposits west
and east of the ice margin have different ages, like the
lower part of unit II. Additional geological correlation
is needed to verify this stratigraphy.

Although the position of the LGM margin in the
Kara Sea east of the study area is mostly speculative
(Fig. 7, Svendsen et al. 1999), there are clear maxi-
mum and minimum scenarios. Our minimal configura-
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Fig. 7 Suggested scenarios for the LGM limit in the Kara Sea
(dashed lines). Sediment cores and sparker lines in the south-
western Kara Sea are same as in Fig. 1. The hatched area east of
Vaygach Island shows an accumulation of glacigenic deposit
interpreted as a morainic ridge (V. Gataullin, pers. commun.).
The diamond shows the site at the Yamal coast that remained
unglaciated since Middle/Early Weichselian time (Forman et al.
1999)

tion includes extension of the ice-sheet margin to the
Northern Kara Plateau to account for the grounded
ice in the Saint Anna Trough (Polyak et al. 1997a;
Hald et al. 1999), but the eastern Kara Sea will remain
unglaciated; however, the evidence for LGM ice
impinging on the northwestern Taimyr Peninsula (Al-
exanderson et al. 2000) indicates the possibility that
the Barents-Kara ice sheet extended across at least
the northern Kara Sea. Solving the discrepancy
between these two scenarios is crucial not only for the
assessment of the LGM ice volume in the Eurasian
Arctic, but also for understanding the history of the
Ob’ and Yenisey river discharge. In the minimum ice-
sheet configuration, the voluminous flow of these riv-
ers into the Arctic Ocean would be unconstrained dur-
ing the Late Weichselian. In contrast, in the maximum
scenario, they would be dammed by ice to form a pro-
glacial lake on the Kara Sea shelf, similar to gigantic

paleo-lakes that likely formed on the Siberian low-
lands during earlier glaciations (Arkhipov et al. 1995).

Conclusion

Seismo- and lithostratigraphic data indicate that the
entire southwestern Kara Sea has been covered by a
grounded ice sheet. However, the age of glaciogenic
deposits may vary across the study area. The last gla-
cial expansion overriding the Novaya Zemlya Trough
likely occurred during the LGM, whereas the area
further east may have remained unglaciated since
Middle/Early Weichselian time. The minimum age of
the last glacial retreat from the western area is con-
strained by a “C date of 11.8 ka and the complete
deglaciation of the shelf occurred by ca. 10 ka. The
northeastward extension of our inferred LGM margin
from the southwestern Kara Sea has two possible sce-
narios: one involving an unglaciated eastern Kara Sea
and the unhindered flow of the Ob’ and Yenisey riv-
ers into the Arctic Ocean; and another implying ice-
sheet damming of rivers on the shelf.

Late Weichselian sedimentary environments in the
southwestern Kara Sea east of the ice-sheet margin
were characterized by a strong influence of river run-
off, reflecting the extension of the Ob’ and Yenisey



rivers on the shelf. The riverine signature in minera-
logical, paleobiological, and geochemical proxies
abruptly diminished with the sea-level rise by ca. 9 ka.
Further changes in proxy records indicate less pro-
nounced reorganizations in the hydrographic regime.
A departure in stable-isotopic values between western
and eastern parts of the study area at ca. 7 ka is inter-
preted to indicate the formation of fully saline deep
water in the Novaya Zemlya Trough. Subsequent
changes in sedimentary, foraminiferal, and stable-iso-
topic records presumably indicate the invigoration of
surface-water circulation and/or reduction in riverine
inputs in the southwestern Kara Sea between ca. 7
and 3 ka. Riverine inputs may have partially regained
in the late Holocene, after ca. 3 ka, possibly in con-
nection with the establishment of heavier sea-ice con-
ditions.
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